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Background: Toll-like receptor (TLR)-mediated inflamma-
tion may contribute to neonatal sepsis, for which pentoxifylline 
(PTX), a phosphodiesterase inhibitor that raises intracellular 
cAMP, is a candidate adjunctive therapy. We characterized 
the anti-inflammatory effects of PTX toward TLR-mediated 
production of inflammatory (tumor necrosis factor (TNF) and 
interleukin (IL)-1β) and proresolution (IL-6 and IL-10) cytokines 
in human newborn and adult blood.
Methods: Newborn cord and adult blood were treated with 
PTX (50–400 µmol/l) before, during or after stimulation with 
LPS (TLR4 agonist), R848 (TLR7/8 agonist) or LPS/ATP (inflam-
masome activation). Cytokines were measured by multiplex 
assay (supernatants), intracellular cytokines and signaling mol-
ecules by flow cytometry, and mRNA by quantitative real-time 
PCR.
results: Whether added 2 h pre-, simultaneously to, or 
2 h post-TLR stimulation, PTX inhibited TLR-mediated cyto-
kine production in a concentration-dependent manner, with 
greater efficacy and potency in newborn blood, decreas-
ing intracellular TNF and IL-1β with relative preservation of 
IL-10 and IL-6. PTX decreased TLR-mediated TNF mRNA while 
increasing IL-10 mRNA. Neonatal plasma factors contributed 
to the anti-inflammatory effects of PTX in newborn blood that 
were independent of soluble TNF receptor concentrations, p38 
MAPK phosphorylation and IĸB degradation.
conclusion: PTX is a potent and efficacious inhibitor of 
TLR-mediated inflammatory cytokines in newborn cord blood 
and a promising neonatal anti-inflammatory agent.

the neonatal inflammatory response to perinatal infections 
is associated with increased mortality and major morbidity 

such as sepsis, bronchopulmonary dysplasia (BPD), and cere-
bral palsy (1,2). Corticosteroids, the current anti-inflammatory 
treatment of choice for neonates, have significant short-term 
(e.g., insulin resistance) and long-term (e.g., growth restriction 
and neurodevelopmental disability) adverse effects (3,4). There 
is thus an unmet clinical need for effective anti-inflammatory 

alternatives to corticosteroids with less adverse effects to treat 
neonatal inflammation.

The xanthine derivative pentoxifylline (PTX) is a candidate 
anti-inflammatory agent. PTX competitively inhibits phospho-
diesterases in a range of cells and tissues, thereby increasing 
intracellular cAMP, a second messenger which acts via protein 
kinase A to suppress gene transcription of proinflammatory 
mediators including tumor necrosis factor (TNF) (5,6). Due 
to its anti-TNF activity, PTX has been studied in animals and 
human adults and newborns to ameliorate inflammatory con-
ditions such as sepsis, BPD, meconium aspiration, and hypoxic 
ischemic encephalopathy (7–11). Adverse reactions of PTX in 
adults include gastrointestinal and CNS symptoms, whereas 
significant adverse reactions at therapeutic doses are rare in 
adults (www.pdr.net/drug-summary/Pentoxifylline, www.fda.
gov). Although recent cerebral and/or retinal hemorrhage are 
contraindications in adults (www.pdr.net/drug-summary/
Pentoxifylline), intraventricular hemorrhage and bleeding 
diathesis have not been reported in septic preterm neonates 
treated with PTX (7,12). A recent Cochrane Review concluded 
that the use of PTX as an adjunct to antibiotics in neonatal 
sepsis may decrease all-cause mortality without any adverse 
effects (12).

Although preliminary studies suggest that PTX may have 
utility as an anti-inflammatory agent in vivo, much remains to 
be learned about its action and the range of pattern recogni-
tion receptor pathways it may inhibit. A more comprehensive 
characterization of the action of PTX with respect to (i) Toll-
like receptor (TLR)- and/or inflammasome-mediated cytokine 
induction and (ii) its relative potency and efficacy with age may 
help inform further development of this promising agent, espe-
cially as clinical characteristics of sepsis are very distinct with 
age (13). Consistent with the sensitivity of newborn leukocytes 
to cAMP axis inhibition (14) and to the known signaling of 
endotoxin via TLR4, we hypothesized that PTX may decrease 
TLR-mediated cytokine production with higher efficacy in new-
borns as compared with adults. As a model for infection-induced 
neonatal inflammation, we stimulated newborn cord and adult 
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peripheral whole blood with TLR4 (LPS or endotoxin), TLR7/8 
(R848, an imidazoquinoline that induces adult-level inflamma-
tory cytokines in newborn monocytes) (15), or combined TLR 
and inflammasome activators including R848 (15) and (LPS and 
ATP). This approach has the advantage of preserving the anti-
inflammatory factors naturally present in newborn plasma and 
erythrocytes (14,16,17), thus more accurately modeling patho-
physiologically relevant conditions (18). Furthermore, our study 
also broadened the range of innate signaling pathways studied 
with respect to PTX sensitivity, including the TLR7/8 pathway 
important to recognition of bacterial and viral single stranded 
RNAs (19,20). Using these whole blood assays, we compared the 
effects of PTX on TLR-mediated cytokine mRNA expression, 
intracellular cytokines, and supernatant cytokine concentra-
tions in term cord blood and adult peripheral blood. In order to 
investigate the underlying mechanisms involved, we examined 
the modulatory effects of neonatal plasma on the anti-inflam-
matory efficacy of PTX and dibutyryl (db)-cAMP. Our findings 
demonstrated that PTX, enhanced by neonatal plasma factors 
and independently of p38 mitogen activated protein kinase 
(MAPK) phosphorylation or inhibitory ĸappa B (IĸB) degrada-
tion, inhibited inflammatory cytokine release with higher effi-
cacy and potency in the newborn while preserving endogenous 
interleukin (IL)-6 and IL-10 production. PTX might thus pro-
vide a promising alternative anti-inflammatory therapy for pre-
vention and/or treatment of inflammatory neonatal conditions.

METHODS
Subjects and Human Blood Collection
Collection of placental cord blood and adult peripheral venous 
blood was approved by the Institutional Review Board of Stony 
Brook University, Stony Brook, NY, and written informed consent 
was obtained from participating subjects. Healthy term newborns 
between 38 and 41 wk gestation delivered at Stony Brook University 
Medical Center by Cesarean section without labor and without docu-
mented intrauterine infection were eligible. Nonexposure to intra-
uterine infection was defined as absence of clinical chorioamnionitis, 
fetal membrane rupture over 12 h, meconium-stained amniotic fluid, 
clinical or laboratory signs of early-onset sepsis, or culture-proven 
sepsis of the mother or the newborn. Clinical chorioamnionitis was 
defined as maternal temperature ≥37.8ºC intrapartum or up to 2 h 
after delivery, and two or more of the following signs: uterine tender-
ness, purulent or foul-smelling vaginal discharge, maternal or fetal 
tachycardia, or maternal leukocytosis (21). Cord blood was collected 
immediately after delivery of the placenta into sodium heparin tubes 
containing 15 units/ml heparin (Becton Dickinson, Franklin Lakes, 
NJ) through puncture of the veins on the fetal side of the placenta 
using sterile techniques, as previously described (22).

Exclusion criteria comprised pre-existing conditions such as 
diabetes and autoimmune diseases, and pregnancy complications 
including pre-eclampsia, fetal chromosomal or major congenital 
anomalies, intrauterine growth restriction, asphyxia, and life-threat-
ening maternal or fetal conditions potentially impacting the immune 
response. Healthy adult blood donors between 18 and 55 y of age were 
recruited at Stony Brook University. Upon subject enrollment, basic 
demographic, medical, and obstetric data was collected through an 
interview with the participant to verify eligibility. Exclusion crite-
ria consisted of any medical condition that may affect the subjects’ 
immune response such as pregnancy, diabetes, cancer, or autoim-
mune disease, and any infection within the past month.

In Vitro Stimulation and Treatment of Blood Samples
Samples were kept at room temperature and processed within 2 h. 
Blood was diluted 1 : 1 with sterile prewarmed (37°C) Roswell Park 

Memorial Institute (RPMI) 1640 (Life Technologies, Grand Island, 
NY) and a final volume of 200 μl was added to each well of 96-well 
tissue culture-treated round-bottom polystyrene plates (Becton 
Dickinson). Samples were treated with PTX (Tocris, Minneapolis, 
MN) or vehicle control, stimulated with TLR agonists, and cultured 
at 37°C in a humidified incubator at 5% CO2. Ultrapure preparation 
of LPS (LPS from E. coli O111:B4 ultrapure, InvivoGen, San Diego, 
CA) was used for TLR4 stimulation, R848 (InvivoGen) for TLR7/8 
stimulation, or LPS followed by 5 mmol/l  ATP (Sigma-Aldrich, St. 
Louis, MO) for 20 min for inflammasome induction. Upon comple-
tion, samples were centrifuged in situ at 500 g for 10 min at room 
temperature. Approximately 120 μl supernatants per well were care-
fully collected without disturbing the cell pellets and stored at −80°C 
until analyzed. Duplicate technical replicates were used for all cul-
ture experiments and immunoassays, whereas real time PCR experi-
ments were performed in triplicates. The number of independently 
conducted experiments utilizing blood samples from different donors 
was as indicated for each experiment. The optimal duration of TLR-
agonist stimulation for the different experimental procedures was 
determined through prior kinetic studies.

Measurement of Cytokine Concentrations in Culture 
Supernatants
Supernatant cytokine concentrations were determined with Bio-Plex 
Pro magnetic multiplex assays (Bio-Rad, Hercules, CA) and analyzed 
on the Bio-Plex 200 system with Bio-Plex Manager 5.0 software (Bio-
Rad). Cytokine concentrations were expressed in percent compared 
to TLR agonists alone, defined as 100%.

Real Time PCR
Total RNA was isolated from cultured whole blood after erythrocyte 
lysis using QIAamp RNA Blood Mini kits (Qiagen, Valencia, CA). 
Genomic DNA was removed with RNase-free DNase (Qiagen). 
Reverse transcription employed High Capacity cDNA Reverse 
Transcription kits (Life Technologies, Foster City, CA). Real-time 
PCR was performed using TaqMan gene expression assays (Life 
Technologies). In order to minimize the possibility of genomic DNA 
expression, probes that span exon junctions were chosen whenever 
available from the manufacturer. No reverse transcription controls 
were used to confirm the absence of genomic DNA amplification 
for all gene expression assays. Beta actin served as normalization 
control and was multiplexed into all reaction wells. In order to 
assure noninterference of the housekeeping gene with the target 
genes, all gene expression assays were first pretested by compar-
ing their amplification efficiencies as single-plex assay with their 
amplification efficiencies when multiplexed with the housekeeping 
gene. Reactions were run on a StepOne Plus Real-time PCR system 
(Life Technologies) using TaqMan Fast Advanced Master Mix (Life 
Technologies). Data were analyzed using the delta-delta threshold 
cycle (ΔΔCT) method (23).

Flow Cytometry
Samples were prepared with the Cytofix/Cytoperm Fixation/
Permeabilization kit (BD Biosciences, San Jose, CA) with (TNF, IL-6, 
and IL-10) or without (IL-1β) addition of Brefeldin A. After pretreat-
ment with PTX or vehicle control for 2 h, samples were stimulated 
with TLR agonists and cultured at 37 °C in 5% CO2 for 6 h. Following 
surface staining, red blood cell lysis employed FACS Lysing Solution 
(BD). After fixation and permeabilization, samples were stained 
with monoclonal antibodies (PE-Cy7-conjugated mouse anti-TNF/
clone MAb11, PE-conjugated mouse anti-IL-6/clone AS12, APC-
conjugated rat anti-IL-10/clone JES3-19F1, PE-conjugated mouse 
anti-IL-1β/clone AS10) or their corresponding isotype controls. 
Samples were analyzed on an LSR Fortessa flow cytometer (BD). 
Compensation beads (BD Comp Beads, BD) were used as single-stain 
positive and negative controls. Monocytes were gated with forward 
and side scatter as CD45+/CD14+ cells (PerCP-Cy5.5-conjugated 
mouse anti-CD45/clone 2D1, FITC-conjugated mouse anti-CD14/
clone M5E2). Data from 10,000 monocytes were acquired for each 
condition and analyzed with Kaluza version 1.3 software (Beckman 
Coulter, Jersey City, NJ). The geometric mean fluorescence intensity 
of all monocytes was determined after subtraction of isotype controls.
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Samples for measurements of p38 MAPK phosphorylation and 
total IĸB were pretreated with PTX or vehicle control for 2 h and 
stimulated with TLR agonists for 15 min, followed by immediate red 
blood cell lysis and fixation using Lyse/Fix Buffer (BD). After per-
meabilization with Perm Buffer II (BD), samples were simultaneously 
stained with the appropriate surface and intracellular antibodies 
(AF647-conjugated mouse anti-p38(pT180/pY182)/clone 36 or 
AF647-conjugated mouse anti-IĸBα/clone 25/IĸBα/MAD-3).
Isolation of Hemocytes and Resuspension in Homologous and 
Heterologous Plasma
As previously described (14), neonatal and adult hemocytes were 
separated from plasma after centrifugation at 1,000g in room tem-
perature for 10 min. Plasma samples were further purified by cen-
trifugation at 3,000g for 10 min. Hemocytes were washed three times 
in Hank’s Buffered Salt solution, and resuspended in autologous or 
heterologous plasma.
Endotoxin Testing
All immune-modulators and TLR agonists except LPS were verified 
endotoxin-free (< 0.1 EU/ml) by the Limulus amebocyte lysate assay 
(Charles River, Wilmington, MA).
Statistical Analysis
Linear mixed models for dose response data were employed to com-
pare supernatant and intracellular concentrations for each cytokine 
between subject cohorts. The covariance structure among drug con-
centrations within a subject was modeled as compound symmetry. To 
ensure residual normality, cytokine values and drug concentrations 
may be log transformed as indicated. For gene expression data, a lin-
ear mixed model was employed to analyze the ΔΔCT values for each 
gene independently. The covariance between two time points within 
a subject was modeled as unstructured variance, and the covariance 

among different stimulations and treatments within a time point 
was modeled as compound symmetry. SAS 9.3 (SAS Institute, Cary, 
NC) statistical software was used for analyses and GraphPad Prism 
Version 6.01 (GraphPad Software, San Diego, CA) for graphing of 
results. Due to the exploratory nature of this study, no multiple test-
ing adjustments were implemented (24). All statistical tests were two-
sided and findings considered significant at P < 0.05.

RESULTS
Compared With Adult Blood, Newborn Cord Blood 
Demonstrated Diminished LPS-induced TNF but Elevated IL-10 
Production
In line with previous published reports (25,26), newborn 
blood demonstrated diminished LPS-induced TNF produc-
tion but comparable IL-6, IL-1β, and R848-induced TNF pro-
duction to adult blood. By contrast, LPS-, R848-, and LPS/
ATP-induced IL-10 concentrations were elevated in newborn 
blood (Figure 1). These results indicate that our in vitro whole 
blood assay system modeled the typical age and TLR-pathway 
pattern described for newborns (27).

PTX Inhibited TLR-mediated Inflammatory Cytokine Production 
with Higher Efficacy and Potency in Newborn Blood
Except for a modest inhibition of basal IL-1β at high concen-
tration (400 µmol/l), PTX added alone did not affect cytokine 
production in unstimulated human blood (see Supplementary 
Figure S1 online).When added 2 h prior to TLR stimulation, 

Figure 1. Distinct TLR- and/or inflammasome-mediated cytokine production in human cord and adult blood. Cord blood from healthy term newborns (n 
= 10) and peripheral blood from healthy adults (n = 10), diluted 1 : 1 with RPMI 1640, was stimulated with 10 ng/ml LPS, 1 μg/ml R848 or LPS followed by 
5 mmol/l ATP for 20 min for inflammasome induction. Samples were cultured for 6 h at 37°C in 5% CO2. Mean (± SEM) supernatant (a) TNF, (b) IL-1β, (c) IL-6, 
and (d) IL-10 concentrations for newborns ( ) and adults ( ) are shown. Group comparisons employed t-tests, and significant differences were indicated: 
*P < 0.05, **P < 0.01, and ‡P < 0.001. ATP, adenosine triphosphate; IL, interleukin; RPMI, Roswell Park Memorial Institute; TNF, tumor necrosis factor; TLR, 
Toll-like receptor.
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PTX inhibited TLR agonist-mediated inflammatory cytokines 
in a concentration-dependent manner. Employing linear mixed 
models, PTX exerted significantly greater inhibition of LPS-
induced TNF compared with IL-1β production, and significantly 
greater inhibition of TLR4 (LPS)- than TLR7/8 (R848)-induced 
TNF in newborn or adult blood (Figure 2a, Supplementary 
Figure S2 online). Consistent with our hypothesis, PTX dem-
onstrated significantly greater inhibition of LPS-, R848-, and 
inflammasome-induced TNF production in newborn com-
pared with adult blood (Figure 2a, Table 1) and greater inhibi-
tion of R848-induced IL-1β and IL-6 production in newborn 
blood (see Supplementary Figure S2 online). Most newborn 
samples demonstrated greater inhibition of TLR-mediated TNF 
across all drug concentrations (see Supplementary Figure S3 
online). Nonlinear regression with robust fit (GraphPad Prism) 
was used to estimate the inhibitory concentration 50 (IC50) of 
PTX for LPS-induced TNF production, which was 49.8 µmol/l 
in newborn vs. 93.5 µmol/l in adult blood.

PTX decreased TLR-mediated TNF at all tested concentra-
tions in newborn and adult blood (Table 1), albeit with higher 
efficacy in newborns (Figure 2a). Whereas inhibition of LPS/
ATP- and R848-induced IL-1β release was only achieved with 
concentrations ≥ 100 µmol/l in adult blood, PTX decreased 
LPS-, R848-, and LPS/ATP-induced IL-1β at all tested concen-
trations including 50 µmol/l in newborn blood (Table 1). This 
indicates that PTX inhibits TLR agonist-mediated IL-1β with 
higher potency in the newborn. While PTX decreased LPS-, 
R848-, and LPS/ATP-induced IL-6 at all tested concentrations 
in newborn samples, it did not affect R848-induced IL-6 in 
adult blood (Table 1).

PTX Decreased the TLR-mediated TNF-to-IL-10 Concentration 
Ratio in Newborn and Adult Blood 
PTX inhibited LPS-, R848-, and LPS/ATP-induced IL-10 produc-
tion in newborn blood, but only diminished R848-induced IL-10 
at higher concentrations in adult blood, and actually increased 

Figure 2. PTX inhibited TLR- and/or inflammasome-mediated TNF production with higher efficacy in newborn blood. Cord (n = 10) and adult blood (n 
= 10), diluted 1 : 1 with RPMI 1640, was pretreated with PTX or vehicle control for 2 h. Samples were stimulated with 10 ng/ml LPS, 1 μg/ml R848 or LPS 
followed by 5 mmol/l ATP for 20 min for inflammasome activation, and cultured for 6 h at 37°C in 5% CO2. Supernatant cytokine concentrations were mea-
sured, and results expressed in percent compared to TLR agonists alone, defined as 100%. (a) Mean (± SEM) TLR-mediated TNF concentrations in newborn 
( ) vs. adult blood (•) in response to equimolar PTX. Data were analyzed with linear mixed models, and significant differences between newborn and 
adult samples at equimolar PTX concentrations were indicated: *P < 0.05, **P < 0.01, and ‡P < 0.001. (b) Mean (± SEM) TNF-to-IL-10 concentration ratios for 
newborn ( ) and adult samples (•) plotted against PTX concentrations. Significant decreases in TNF-to-IL-10 ratios of PTX-treated newborn (gray signs) 
and adult (black signs) blood compared with the corresponding untreated newborn and adult control samples (gray and black dotted lines, respectively) 
were indicated. ATP, adenosine triphosphate; IL, interleukin; RPMI, Roswell Park Memorial Institute; PTX, pentoxifylline; TNF, tumor necrosis factor; TLR, 
Toll-like receptor.
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table 1. PTX inhibited TLR and/or inflammasome agonist-mediated inflammatory cytokine production with higher potency in newborn 
compared with adult blood

Cytokine TLR and/or inflammasome agonist PTX (μmol/l)

Cytokine conc. (%) / no PTX = 100%
Mean (95% CI)a

Newborns (n = 10) Adults (n = 10)
TNF LPS 50 −63.75 (−69.99, −57.50) −38.71 (−44.96, −32.47)

100 −82.81 (−89.05, −76.56) −58.94 (−65.18, −52.69)
200 −89.89 (−96.13, −83.64) −77.07 (−83.32, −70.83)
400 −95.76 (−102.0, −89.51) −91.12 (−97.37, −84.88)

R848 50 −37.31 (−46.07, −28.55) −17.45 (−26.21, −8.69)
100 −59.66 (−68.42, −50.90) −28.59 (−37.35, −19.84)
200 −77.96 (−86.72, −69.20) −44.96 (−53.72, −36.20)
400 −93.43 (−102.2, −84.68) −70.16 (−78.92,−61.40)

LPS/ATP 50 −66.20 (−71.19, −61.21) −34.12 (−39.11,−29.13)
100 −81.66 (−86.65, −76.67) −55.90 (−60.89,−50.91)
200 −91.04 (−96.02, −86.05) −76.53 (−81.52,−71.55)
400 −95.64 (−100.6, −90.66) −88.12 (−93.11,−83.13)

IL-1β LPS 50 −31.06 (−39.65, −22.48) −22.62 (−31.21,−14.03)
100 −45.65 (−54.24, −37.07) −35.72 (−44.31,−27.14)
200 −48.27 (−56.86, −39.68) −49.34 (−57.93,−40.75)
400 −45.51 (−54.10, −36.92) −63.45 (−72.04,−54.86)

R848 50 −27.96 (−37.82, −18.09) −9.68 (−19.55, 0.18)
100 −43.65 (−53.51, −33.78) −18.04 (−27.90,−8.17)
200 −62.38 (−72.25, −52.52) −29.15 (−39.02,−19.29)
400 −77.32 (−87.18, −67.45) −53.55 (−63.42,−43.68)

LPS/ATP 50 −19.21 (−33.62, −4.81) −14.11 (−28.52, 0.29)
100 −29.55 (−43.96, −15.14) −28.06 (−42.46,−13.65)
200 −34.62 (−49.02, −20.21) −26.51 (−40.92,−12.10)
400 −23.58 (−37.99, −9.17) −32.16 (−46.57,−17.75)

IL-6 LPS 50 −22.01 (−30.51, −13.51) −16.71 (−25.21,−8.21)
100 −40.99 (−49.49, −32.49) −31.60 (−40.10,−23.10)
200 −47.99 (−56.49, −39.49) −42.96 (−51.46,−34.46)
400 −49.70 (−58.20, −41.20) −56.18 (−64.68,−47.68)

R848 50 −12.72 (−24.82, −0.63) 3.73 (−8.37, 15.83)
100 −16.88 (−28.98, −4.78) 11.22 (−0.88, 23.32)
200 −26.76 (−38.85, −14.66) 0.15 (−11.95, 12.24)
400 −45.68 (−57.78, −33.58) −10.40 (−22.50, 1.70)

LPS/ATP 0.50 −27.81 (−36.20, −19.42) −21.87 (−30.26, −13.48)
0.100 −43.86 (−52.25, −35.48) −32.70 (−41.09, −24.31)
0.200 −46.48 (−54.87, −38.09) −43.79 (−52.18, −35.40)
0.400 −53.23 (−61.62, −44.84) −53.43 (−61.82, −45.04)

IL-10 LPS 0.50 −18.48 (−34.51, −2.45) 12.41 (−3.62, 28.44)
0.100 −35.94 (−51.97, −19.91) 22.59 (6.55, 38.62)
0.200 −47.90 (−63.93, −31.87) 25.20 (9.17, 41.23)
0.400 −61.47 (−77.50, −45.44) −1.26 (−17.29, 14.77)

R848 0.50 −7.60 (−14.90, −0.30) 1.06 (−6.25, 8.36)
0.100 −22.46 (−29.76, −15.16) −3.07 (−10.38, 4.23)
0.200 −42.17 (−49.48, −34.87) −13.14 (−20.44,−5.84)
0.400 −65.95 (−73.26, −58.65) −34.70 (−42.00,−27.40)

LPS/ATP 0.50 −17.27 (−38.04, 3.50) 28.97 (8.20, 49.74)
0.100 −31.33 (−52.10, −10.56) 37.92 (17.15, 58.69)
0.200 −45.79 (−66.56, −25.02) 58.18 (37.41, 78.95)
0.400 −57.05 (−77.82, −36.28) 31.52 (10.75, 52.29)

CI, confidence interval; IL, interleukin; PTX, pentoxifylline; TLR, Toll-like receptor; TNF, tumor necrosis factor.
aSignificant changes of cytokine concentrations in PTX-treated newborn or adult blood compared with the corresponding untreated newborn or adult samples based on t-tests were 
indicated in bold.
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LPS- and LPS/ATP-induced IL-10 in adult samples (Table 1). Of 
note, PTX preferentially inhibited TLR-mediated TNF compared 
with IL-10 production, such that the net effect of PTX was to 
decrease LPS-, R848-, and LPS/ATP-induced TNF-to-IL-10 con-
centration ratios in both newborn and adult blood (Figure 2b).

PTX Selectively Inhibited TLR-mediated Intracellular 
Inflammatory Cytokines in Blood Monocytes
Newborn monocytes demonstrated significantly lower 
LPS-induced intracellular TNF expression compared with 
adult cells (Figure 3a), which was not evident for R848 (see 
Supplementary Figure S4a online). Pretreatment with 
PTX decreased LPS- (Figure 3b) and R848-induced (see 
Supplementary Figure S4b online) intracellular TNF and 
IL-1β in newborn and adult monocytes, but did not affect 
intracellular IL-6 and IL-10.

Effect of PTX on TLR-mediated Cytokine Production in Newborn 
and Adult Blood was Independent of Timing
Next we determined if delayed PTX addition to established 
inflammation as compared with pretreatment or simultaneous 

administration would still be effective. Figure 4a shows the sequence 
and duration of sample stimulation and treatment. PTX (50 or 200 
μmol/l) diminished LPS- and R848-induced TNF, IL-1β, and IL-6 
concentrations in blood samples treated 2 h before, simultaneously 
or 2 h after TLR stimulation (Figure 4b,c), albeit with diminished 
efficacy and potency with delayed treatment. Delay of PTX for 4 h, 
however, eliminated its anti-inflammatory effects on R848-induced 
cytokine production and greatly reduced its inhibition of LPS-
induced cytokines (see Supplementary Figure S5 online).

Neonatal Plasma Factors Enhanced the Inhibition of  
LPS-induced TNF Production by PTX
To determine whether the distinct composition of human 
newborn cord blood plasma might contribute to the robust 
anti-inflammatory efficacy of PTX, newborn and adult hemo-
cytes were resuspended in autologous or heterologous plasma 
(Figure 5a) as previously described (14). As demonstrated in 
Figure 5b, neonatal plasma enhanced the inhibition of LPS-
induced TNF production in newborn but not in adult hemo-
cytes. By contrast, neither neonatal nor adult plasma factors 
modulated the TNF-suppressive effects of db-cAMP (Figure 5c). 

Figure 3. Addition of PTX to whole blood inhibited LPS-induced monocytic intracellular TNF and IL-1β. Cord (n = 5) and adult blood (n = 5), diluted 1 : 1 
with RPMI 1640, was pretreated with 200 µmol/l PTX or vehicle control for 2 h. Samples were stimulated with 10 ng/ml LPS, and cultured for 6 h at 37°C 
in 5% CO2 in the presence (TNF, IL-6, and IL-10) or absence (IL-1β) of Brefeldin A. After multicolor staining for flow cytometry as described in Methods, MFI 
data from CD45+/CD14+ monocytes, gated on forward and side scatter, were acquired. (a) MFI (± SEM) values (after subtraction of isotype controls) of 
LPS-induced intracellular cytokines in newborn ( ) vs. adult monocytes ( ). (b) Effects of PTX on LPS-induced intracellular TNF and IL-1β in newborn ( ) 
and adult monocytes ( ), plotted as MFI fold changes compared with unstimulated controls. (c) and (d) Representative histogram of MFI for LPS-induced 
intracellular TNF in CD45+/CD14+ (c) newborn and (d) adult blood monocytes in the presence or absence of PTX. Data were analyzed with linear mixed 
models and significant differences were indicated: *P < 0.05, **P < 0.01, ‡P < 0.001. ATP, adenosine triphosphate; IL, interleukin; MFI, mean fluorescence 
intensity; RPMI, Roswell Park Memorial Institute; PTX, pentoxifylline; TNF, tumor necrosis factor.
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LPS-mediated soluble TNF receptors I (TNF-RI) and II (TNF-
RII), although present at significantly higher concentrations 
in newborn compared with adult blood (see Supplementary 
Figure S6a online), were not altered in response to increasing 
PTX concentrations (see Supplementary Figure S6b online).

PTX Decreased TLR Agonist-induced TNF mRNA while Enhancing 
IL10 mRNA in Whole Blood
TLR agonists induced expression of mRNAs encoding inflamma-
tory cytokines, nuclear factor ĸappa B (NFĸB)-, and IĸB-related 

genes, whereas TLR gene expression decreased and IL-10 mRNA 
remained unchanged (see Supplementary Table S1 online). 
PTX down-regulated TLR agonist- and inflammasome-induced 
TNF mRNA and significantly increased IL-10 mRNA at 1 h and 
2 h (Figure 6, Supplementary Table S2 online). TLR-agonist 
induced pro-IL-1β and IL-6 mRNA increased transiently in 
response to PTX (Figure 6, Supplementary Table S2 online). Of 
note, PTX demonstrated little if any inhibition of LPS- or R848-
induced TLR, NFĸB or IĸBα expression (see Supplementary 
Figure S7 online and Supplementary Table S2 online).

Figure 4. PTX inhibited cytokine production in newborn and adult blood whether added pre-, during, or post-TLR agonist stimulation. Newborn (n = 5) 
and adult blood (n = 5), diluted 1 : 1 with RPMI 1640, was stimulated with 10 ng/ml LPS or 1 μg/ml R848. Samples were treated with vehicle control or 50 
or 200 μmol/l PTX, added either 2 h before, simultaneously, or 2 h or 4 h after TLR stimulation. Following LPS or R848 addition, samples were cultured for 
further 6 h. Supernatant cytokines were expressed in percent compared with TLR agonists alone, defined as 100%. For delayed treatment samples, cytokine 
concentrations measured at the start of anti-inflammatory treatment were subtracted from the corresponding delayed treatment samples, in order not to 
underestimate the delayed treatment effects. (a) Sequence and duration of stimulation and treatment (anti-inflammatory treatment with PTX: ——, inflam-
matory stimulation with LPS or R848: - - -). Effects of timing and concentration (mean ± SEM) of PTX (no PTX: , 50 μmol/l PTX: , 200 μmol/l PTX: ) on (b) 
LPS- and (c) R848-induced cytokine production, respectively, in newborn and adult blood combined. A linear mixed model was performed to analyze each 
cytokine and stimulation independently. The covariance structure between PTX concentrations within a subject was modeled as unstructured variance, 
and the covariance structure among time points within the same concentration was modeled as compound symmetry. Significant differences between 
time points were indicated: *P < 0.05, **P < 0.01, ‡P < 0.001. Significant decreases in cytokine production of PTX-treated vs. untreated samples, calculated 
from log transformed raw pg/ml values, were indicated as §. PTX, pentoxifylline; RPMI, Roswell Park Memorial Institute; TLR, Toll-like receptor.
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PTX did not Alter p38 MAPK Phosphorylation and IĸBα 
Degradation in Newborn and Adult Monocytes
Newborn monocytes demonstrated diminished LPS- and 
R848-induced total IĸBα (see Supplementary Figure 
S8a online). Whereas LPS and R848 induced p38 MAPK 

phosphorylation and degradation of total IĸBα in newborn 
and adult monocytes, addition of PTX did not change these 
parameters (see Supplementary Figure S8b online).

DISCUSSION
Our study characterized the ability of PTX to modulate TLR-
mediated cytokine production in human newborn and adult 
whole blood tested in vitro. Neonatal inflammation is driven 
in part by TLR signaling and can contribute to host defense 
against infection (27–30). However, TLR-mediated cyto-
kine induction can also contribute to pathology and disease, 
including inflammatory diseases of early life such as sepsis, 
BPD and perinatal brain injury (31–33). PTX, a nonspecific 
phosphodiesterase inhibitor that decreases transcription of 
proinflammatory cytokines, is a promising anti-inflammatory 
candidate for neonates. Based on our prior reports regarding 
the sensitivity of newborn leukocytes to cAMP axis inhibition 
(14), we hypothesized that PTX may decrease TLR-mediated 
cytokine production with greater efficacy in human newborns 
compared with adults.

In agreement with prior studies, we noted a pattern of 
diminished LPS- and LPS/ATP-induced but high R848-
induced TNF and TLR-mediated IL-10 production in cord 
blood (25,26). Our study utilized whole cord blood to study 
the effects of PTX on neonatal inflammatory cytokine pro-
duction. To further maximize the relevance of our in vitro 
study, PTX was used within clinically relevant concentra-
tions (34). For example, administration of 60 mg/kg/d PTX 
as continuous intravenous infusion over 12 h for three con-
secutive days in septic preterm neonates was well-tolerated 
and resulted in measured serum concentrations of 51.7 ± 18.1 
µmol/l PTX (34). Consistent with our findings, clinical trials 
of adjunctive PTX in neonatal sepsis have employed doses of 
30–60 mg/kg/d PTX (8,12), associated with significant reduc-
tion of serum TNF concentrations (8).

We demonstrated that PTX inhibited LPS- and R848-
induced TNF and R848-induced IL-1β and IL-6 production 
more efficaciously and potently in human newborn com-
pared with adult blood. PTX inhibition of LPS-induced TNF 
was significantly greater than that of R848, suggesting stimu-
lus-dependent anti-inflammatory responses. PTX inhibition 
of the NFĸB pathway (TNF) was also greater than inhibition 
of the inflammasome pathway (IL-1β). Furthermore, PTX 
decreased the LPS-, R848-, and LPS/ATP-induced TNF-
to-IL-10 concentration ratios in newborn and adult blood 
at all tested PTX concentrations. These findings are in line 
with the previously reported differential regulation of LPS- or 
PHA-induced proinflammatory cytokines and IL-10 by PTX 
and db-cAMP (35,36). Our study extended the findings on 
cytokine regulation by PTX to TLR7/8 and inflammasome 
pathways. Although PTX inhibited LPS-induced IL-10 in 
newborn and R848-induced IL-10 production in newborn 
and adult samples, it did so to a lesser extent than toward 
TNF production, with a net effect of reducing the TNF-
to-IL-10 ratio. Indeed, PTX increased TLR-mediated IL-10 
mRNA expression would be consistent with this explanation. 

Figure 5. Soluble factors in neonatal plasma augmented the TNF-
suppressive actions of PTX. (a) Hemocytes were isolated from cord or adult 
plasma by centrifugation and washed three times in Hanks’ Buffered Salt 
Solution. Neonatal or adult hemocytes were resuspended in 100% autolo-
gous or heterologous plasma. Samples were pretreated with PTX, db-cAMP, 
or vehicle control for 2 h, stimulated with 10 ng/ml LPS and cultured for 
6 h, followed by harvesting of supernatants for cytokine measurements. 
A linear mixed model was performed to analyze newborn and adult 
cohorts and treatments independently. Anti-inflammatory concentration 
was modeled as a continuous variable. The covariance structure between 
homologous and heterologous samples within a subject was modeled as 
unstructured variance, and the covariance structure among doses within 
the same homologous and heterologous sample was modeled as com-
pound symmetry. Comparisons of mean LPS-induced TNF concentrations 
in response to equimolar PTX or db-cAMP among homologous and heter-
ologous samples employed t-tests (*P < 0.05, **P < 0.01, ‡P < 0.001), while 
F-tests compared their overall drug response curves. (b) and (c) illustrate 
the concentration-dependent effects of PTX and db-cAMP, respectively, on 
the inhibition of LPS-induced TNF production (mean ± SEM) in newborn ( )  
and adult homologous (•) and newborns (∆) and adult heterologous ( ) 
blood in percent, with LPS-stimulation alone defined as 100%. Inhibition by 
PTX of LPS-induced TNF production in homologous vs. heterologous new-
born (F-test: P < 0.05) and adult blood (F-test: NS), inhibition by db-cAMP 
of LPS-induced TNF production in homologous vs. heterologous newborn 
(F-test: NS) and adult blood (F-test: NS). PTX, pentoxifylline; TNF, tumor 
necrosis factor; TLR, Toll-like receptor.
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Although we did not observe enhancement of IL-10 produc-
tion by PTX (50–400 µmol/l) in unstimulated blood, very 
high concentrations of PTX (1 mmol/l) were reported to 
increase IL-10 in adult blood (36). PTX may thus in a stimu-
lus- and concentration-dependent manner enhance IL-10 
production.

Our findings on intracellular cytokines in monocytes were 
consistent with whole blood supernatant cytokine results. 
PTX decreased TLR-mediated intracellular TNF and IL-1β in 
newborn and adult monocytes while IL-6 and IL-10 remained 
unchanged, confirming the differential effects of this agent on 
pro- and anti-inflammatory cytokine production (35).

PTX effectively reduced inflammatory cytokines in newborn 
and adult blood when used before, simultaneously, or 2 h after 
TLR stimulation. To the extent that our in vitro data mirror 
conditions that may be relevant in vivo, this agent may thus 
be used both prophylactically as well as therapeutically for the 
treatment of inflammation. Experiments in vivo, both in ani-
mal sepsis models and in human clinical trials, however, will 
be required to assess the potential beneficial impact of PTX on 
inflammation and disease.

PTX decreased TLR agonist- and inflammasome-induced 
TNF mRNA while enhancing IL-10 mRNA. This suggests 
that PTX exerts its effects through transcriptional modifica-
tion of pro and anti-inflammatory cytokines, which is con-
sistent with its cAMP-dependent anti-inflammatory pathway 
(5,6,35).

Newborn monocytes demonstrated diminished LPS- and 
R848-induced total IĸBα phosphorylation compared with 
adult cells, as previously described (37). Whereas LPS and 
R848 both increased p38 MAPK phosphorylation and IĸBα 
degradation in newborn and adult monocytes, PTX did not 
change these parameters. This suggests that PTX exerts its 
immunomodulatory effects either downstream and/or inde-
pendently of these inflammatory pathways.

Consistent with the previously reported anti-inflamma-
tory effects of neonatal plasma (16), reflecting in part the 

contribution of adenosine (14), our experiments suggest that 
neonatal plasma enhanced the inhibition of LPS-induced 
TNF production in newborn but not in adult hemocytes. By 
contrast, neither neonatal nor adult plasma modulated the 
TNF-suppressive effects of db-cAMP, suggesting that neonatal 
plasma might enhance the anti-inflammatory actions of PTX 
either upstream or independently of intracellular cAMP.

Soluble cytokine receptors, which act as endogenous anti-
inflammatory factors, are elevated in cord and newborn blood 
during the perinatal period (16,38). Our findings of elevated 
soluble receptors TNF-RI and TNF-RII in newborn blood 
plasma are in line with these reports. However, soluble TNF 
receptors were not responsible for the greater anti-inflamma-
tory efficacy of PTX in newborn blood.

Our in vitro experiments were conducted on whole blood 
from adults and healthy term neonates delivered without evi-
dence of inflammation and in the absence of labor. Future stud-
ies should explore the anti-inflammatory responses to PTX in 
blood obtained from additional clinically relevant target popu-
lations including newborns delivered vaginally (as labor may 
influence the inflammatory response and its modulation by 
PTX), neonates exposed to intrauterine infection and inflam-
mation, septic newborns, and neonates delivered preterm. 
Additionally, samples from other anatomic compartments 
that are commonly affected by exaggerated inflammatory 
responses, such as tracheal aspirate samples from ventilated 
neonates (39), might be considered.

In summary, our study utilized TLR and/or inflamma-
some agonist-stimulated whole cord blood to characterize 
the anti-inflammatory effects of PTX. We demonstrated that 
PTX inhibited TLR-mediated inflammatory cytokine pro-
duction with higher efficacy and potency in human newborn 
compared with adult blood while relatively preserving IL-10 
responses. Activity toward inflammatory responses triggered 
via the TLR7/8 pathway activated by R848 suggests potential 
utility against inflammation induced by bacterial infections 
harboring bacterial RNA that may induce robust inflammation 

Figure 6. PTX selectively decreased LPS-induced proinflammatory TNF mRNA in whole blood while increasing anti-inflammatory IL-10 gene expression. 
Cord (n = 5) and adult blood (n = 5), diluted 1 : 1 with RPMI 1640, was pretreated with 200 μmol/l PTX or vehicle control for 2 h and cultured for 1 h (a) 
or 2 h (b) in the presence of 10 ng/ml LPS. Total RNA was isolated from whole blood, reverse transcribed, and relative mRNA expression (mean ± SEM) in 
response to PTX compared with LPS alone, defined as 100%, was determined from ΔΔCT values with real time PCR. Results for newborn and adult samples 
were combined (n = 10). Significant differences between LPS-stimulated samples that were pretreated or not with PTX were indicated: *P < 0.05, **P < 0.01, 
‡P < 0.001. IL, interleukin; RPMI, Roswell Park Memorial Institute; PTX, pentoxifylline; TNF, tumor necrosis factor; TLR, Toll-like receptor.
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via TLR7/8 (20) as well as that induced by single stranded 
viruses such as HIV and influenza (19). PTX exerted anti-
inflammatory effects when used prophylactically or simulta-
neously to inflammatory stimulation, or when administered in 
ongoing inflammation. PTX, which supports the neonatal Th2 
cytokine pattern characterized by low TNF but high IL-10 and 
IL-6 (26,27), might thus provide a promising anti-inflamma-
tory therapy for neonates, and indeed larger clinical trials of 
PTX have recently been initiated in this population (8). To the 
extent that our in vitro studies mirror effects of PTX in vivo, 
it may be particularly effective in reducing infection-induced 
inflammation in the newborn. Indeed, our experience with 
in vitro assessment of other anti-inflammatory agents such as 
bactericidal permeability-increasing protein that is active in 
neutralizing endotoxin in vivo supports the predictive capacity 
of this assay system (40). Finally, the distinct anti-inflamma-
tory effects of pharmaceutical agents with age, as shown in our 
experimental model on pattern recognition receptor agonist-
stimulated newborn and adult blood treated with PTX, sug-
gest that translational development in this sphere should take 
immune ontogeny into account.

SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper at http://
www.nature.com/pr
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